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Understanding the significance of pollen diversity is key to reconstructing plant diversity over long 23 
timescales. Here we present quantitative pollen–plant diversity comparisons for a mountainous area 24 
of the Western Mediterranean region.  Samples were collected between 430–1865 m elevation and 25 
pollen–plant diversity assessed through richness and turnover (beta-diversity) metrics.  We found 26 
statistically significant relationships between pollen diversity metrics and the diversity of pollen-27 
equivalent plant taxa in the surrounding vegetation.  The strongest richness relationships emerged 28 
from the exclusion of trees and with rarefaction applied to both plant and pollen datasets. Three 29 
different metrics for turnover produced similar results, but emphasise different components of beta 30 
diversity (replacement vs richness differences).  These results pave the way for reconstructing 31 
biodiversity trends from pollen sequences, with a number of caveats. Fossil pollen is a potentially a 32 
rich source of information on past biodiversity in the Mediterranean region. 33 
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Biodiversity is key to the stability, functioning and productivity of ecosystems (Cardinale et al. 2012). 52 
On a global scale, biodiversity is unevenly distributed, with the greatest diversity in equatorial 53 
regions and the least at high latitudes (Kreft & Jetz 2007; Kraft et al. 2011; Jenkins et al. 2013).  This 54 
global biodiversity gradient is linked to resource availability, competition and the history of past 55 
climatic changes (Mittelbach et al. 2007; Rabosky and Hurlbert 2015; Grace et al. 2016). Climate 56 
warming in the coming decades is expected to force species to migrate poleward, altering the 57 
diversity gradient (Parmesan and Yohe 2003). However, the last major climatic warming 12–10 58 
thousand years ago did not alter the biodiversity gradient through poleward migration, at least in 59 
Europe (Giesecke et al. 2019). Instead, it seems that past human choices have had a major bearing 60 
on today’s biodiversity patterns (Ellis et al. 2012; Giesecke et al. 2019; Di Marco et al. 2019). In 61 
floristically and culturally rich regions, such as the Mediterranean, mitigation of biodiversity loss can 62 
only be achieved when we understand the drivers and long-term trajectories of biodiversity change 63 
(Willis et al. 2010). 64 
 65 
Fossil pollen is the most abundant and reliable indicator of past vegetation communities, land cover 66 
and floristic diversity (Birks et al. 2016a). At hemispheric and continental scales, pollen richness 67 
tracks floristic richness gradients closely (Flenley 2005; Giesecke et al. 2019; Reitalu et al. 2019). 68 
Pollen and plant richness relationships are also evident at smaller spatial scales (Felde et al. 2016), 69 
though some studies have failed to find a relationship (e.g. Gosling et al. 2018). Pollen data have a 70 
number of inherent biases that complicate their comparison to plant diversity, particularly issues of 71 
taxonomic precision and pollen representation (Odgaard 1999; Birks et al. 2016a). Adjustments, 72 
both in terms of taxonomy and study design, are required to allow fair comparisons between pollen 73 
and plant diversity. Plant diversity knowledge itself is biased by sampling approaches that overlook 74 
the influence of sampling effort on richness estimation, necessitating adjustments such as 75 




This study concerns the Mediterranean region, the most biodiverse region of Europe and one of the 78 
world’s richest floristic hotspots. Previous studies have analysed the relationships between pollen, 79 
vegetation and environmental gradients in several parts of the Mediterranean basin (e.g. Davies and 80 
Fall 2001; Ejarque et al. 2011; see Davis et al. 2013 for others).  Quantitative relationships between 81 
plant diversity and pollen diversity are yet to be explored, despite several palaeoecological studies of 82 
past diversity in the Mediterranean region (Colombaroli and Tinner 2013, Connor et al. 2019; 83 
Lestienne et al. 2020).  Pollen–plant diversity relationships open the way for past diversity changes 84 
to be translated into ecologically meaningful trends (Nieto-Lugilde et al. 2015).  85 
 86 
The aim of this paper is to analyse pollen–plant diversity relationships to enable past biodiversity 87 
trends to be reconstructed.  We present pollen and floristic data from the Western Mediterranean 88 
to test the following null hypotheses: 1) there is no relationship between plant richness and pollen 89 
richness in the study area and 2) there is no relationship between plant community turnover and 90 
pollen turnover in the study area. We then apply the relationships to assist interpretation of past 91 
diversity changes at a site in the same area.  92 
 93 
 94 
Materials and methods 95 
 96 
The study area is continental Portugal’s highest mountain range, the Serra da Estrela (maximum 97 
elevation 1993 m).  The range is granitic with relatively poor soils and vegetation arranged 98 
altitudinally, from lowland forests to open vegetation above 1600 m (Fig. 1; Silva and Teles 1999). 99 
The Serra da Estrela, like much of the Mediterranean region, is an ancient cultural landscape with 100 




Sampling occurred at 42 locations along a 31-km elevational gradient between 430 and 1865 m (Fig. 103 
1). Sampling sites ranged from meso-Mediterranean cultural landscapes with nearby Pinus 104 
plantations, up into supra-Mediterranean heathlands of Juniperus communis, Calluna vulgaris, Erica 105 
and Cytisus spp., and finally high-elevation grasslands and sparse herbfields of the oro-106 
Mediterranean zone (Fig. 1).   Samples consisted of surface moss cushions which trap and aggregate 107 
pollen from the surrounding vegetation (Pardoe et al. 2010).  108 
Species abundance of all vascular plants was surveyed in 1 x 1 m quadrats at the time of sampling 109 
(06/1987). Species occurring outside the quadrat and up to 200 m away were recorded using a 110 
‘nearest individual’ method of plotless sampling, which uses measured distance to the nearest 111 
population to calculate cover abundance (Bryant et al. 2005). This calculation relies on the empirical 112 
and theoretical demonstration that the distance from the sampling point to the nearest individual is 113 
equal to 50% of the square root of its area (Cottam and Curtis, 1956). Area = 1/(distance / 0.5)2. 114 
Plant taxonomy follows the Nova Flora de Portugal and Flora Europaea (Franco, 1971, 1984; Tutin et 115 
al. 1964 ff.), updated using Flora-On (flora-on.pt).  116 
 117 
Pollen extraction involved soaking in 10% KOH, sieving to remove coarse debris, and acetolysis 118 
(Faegri et al. 1989). Pollen grains and pteridophyte spores were counted to a minimum of 600 per 119 
sample. The second author (JFNvL) identified these at the lowest taxonomic level possible using the 120 
Northwest European Pollen Flora (references in van der Knaap and van Leeuwen 1995) and 121 
reference material collected from plants in the Serra da Estrela. 122 
 123 
Since pollen identifications are typically less taxonomically resolved than botanical ones, fair 124 
comparisons can only be achieved by transforming plant taxa to pollen-taxon equivalents (Felde et 125 
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al. 2016).  Taxonomic richness of pollen and plants (number of species and pollen-equivalents) was 126 
estimated by rarefaction (Birks and Line 1992).  Rarefaction removes bias from different sampling 127 
sizes by producing richness estimates relative to the smallest of the samples. Here we apply 128 
rarefaction to the vegetation survey data as well as the pollen assemblages to correct for reduced 129 
sampling effort (sensu Gotelli and Cowell 2001), and thus reduced plant richness, in quadrats with 130 
sparse vegetation. Rarefaction was implemented through repeated random resampling (1000 131 
replicates; Felde et al. 2016) to the minimum pollen count (608 grains) and minimum plant cover 132 
value (0.3 m2 vegetated area). Species beyond the quadrat were rounded up and added to the 133 
quadrat data prior to rarefaction. 134 
We also tested whether removing entire structural groups (Felde et al., 2016; Reitalu et al. 2019; 135 
Blaus et al. 2020) improved pollen–plant richness relationships. We did this to understand which 136 
structural groups and individual taxa introduce the most bias into those relationships. Data were 137 
rarefied to a new minimum count each time taxa were excluded. Relationships between plant 138 
richness, elevation, location and pollen richness were sought using linear models.  We checked the 139 
fidelity of the linear models using split-sampling (Birks et al. 2010). This involved randomly splitting 140 
the dataset in half 10000 times, each time using one half to develop linear models and applying 141 
them the other half to assess model fit. 142 
Community-level turnover (beta-diversity) assessments employed three metrics appropriate to 143 
palaeoecological assemblages: Hellinger standardisation with Euclidean distance (Hellinger-144 
Euclidean; Plumpton et al. 2019),square-chord distance (SCD; Overpeck et al. 1985; Seddon et al. 145 
2015) and Detrended Correspondence Analysis on square-root transformed abundances (DCA; 146 
Jacobson and Grimm 1986; Giesecke et al. 2019).  Spatial turnover between samples from different 147 
vegetation types can be used to define ‘critical values’ for temporal turnover in fossil records 148 
(Overpeck et al. 1985). Critical values indicate whether a change in pollen assemblages is likely to 149 
represent variation within similar vegetation or a transition from one type of vegetation to another 150 
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(Simpson 2012). Rates of change are produced when temporal turnover is expressed relative to 151 
standardised time steps (Grimm and Jacobson 1992; Finsinger et al. 2017). 152 
We assessed turnover metrics by using cluster analysis (Ward’s method) to group the vegetation 153 
quadrats into ‘similar’ and ‘dissimilar’ groups as measured using the Hellinger-Euclidean, SCD and 154 
DCA metrics. These groups contained approximately half the samples in the dataset. The same 155 
groupings were applied to the pollen metrics and inter-sample dissimilarities within these groups 156 
presented as boxplots (see explanatory figure in Supplementary Material S1). The approach is similar 157 
to analogue matching (Simpson 2012), although in our case the vegetation groups are not 158 
predefined. Mantel tests were used to assess whether the dissimilarities between pollen samples 159 
relate to dissimilarities between vegetation assemblages (i.e. turnover). Partial Mantel tests were 160 
performed with spatial information as a third variable, in an attempt to control for elevation 161 
differences and geographic differences (Cartesian distance) between sites.  Beta diversity was 162 
decomposed into replacement and richness difference components using the Jaccard coefficient 163 
(Legendre 2014; Abraham et al. 2020) to understand how the three dissimilarity coefficients 164 
represent different aspects of turnover. Input data were randomly resampled to the minimum sum. 165 
 166 
To interpret temporal richness on the basis of spatial richness relationships, a palynological richness 167 
trend was produced for an existing pollen record from the study area.  Charco da Candieira 168 
(40°20'37"N, 7°34'41"W, 1400 m elevation, see #20 in Fig. 1) is an infilled glacial lake above the 169 
anthropogenic treeline, surrounded by shrub and herb vegetation communities with significant 170 
conservation and biodiversity values (Jansen 2011). The site yielded a high-resolution 171 
palaeoecological record spanning the last 14,300 years (van der Knaap and van Leeuwen 1995, 172 
1997). The record comprises 301 samples and its Bayesian chronological model is based on 30 14C 173 
dates (Connor et al. 2012).   174 
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For community-level turnover reconstruction, samples from the Charco da Candieira record were 175 
binned into time steps of 100, 200, 500, 1000 and 2000 years. This pollen record has an average 176 
temporal resolution of 48 years, but we opted for longer time bins to examine centennial- and 177 
millennial-scale turnover and to reduce temporal autocorrelation. Inter-sample dissimilarities were 178 
obtained using a randomisation procedure to avoid statistical artefacts introduced by uneven 179 
temporal sampling (Birks 2012). Once the record was binned, one sample was selected at random 180 
from each bin. Dissimilarity was calculated between samples from adjacent bins, from oldest to 181 
youngest. This process was repeated 100 times with different random samples drawn from each bin 182 
to obtain a mean dissimilarity (Connor et al. 2019).  The resulting trend was compared to the 183 
‘similar’ and ‘dissimilar’ vegetation distributions to qualitatively assess turnover through time. 184 
Numerical analyses were all performed with the R packages ‘vegan’, ‘adespatial’ and ‘analogue’ 185 





A summary of the pollen and vegetation data is given in Fig. 2. The most frequent plant species in 191 
the sampling quadrats were two grasses (Micropyrum tenella, Agrostis delicatula) and the herb 192 
Rumex angiocarpus, while the grass Nardus stricta was the most abundant plant species.  The most 193 
abundant pollen taxa were grasses (Poaceae) and the tree Pinus pinaster, which were present in all 194 
samples.   195 
 196 
Pollen–plant richness relationships are compared in Fig. 3 using four different metrics for plant 197 
richness and two different vegetation datasets. Where plant richness in the quadrats was based on 198 
data without corrections for pollen taxonomy or sampling effort, the pollen–plant richness 199 
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relationship was weak (r2: 0.04). Rarefaction led to a slight improvement (r2: 0.07). Plant taxa 200 
converted to pollen-equivalents showed stronger relationships (r2: 0.10). Rarefaction of pollen-201 
equivalents yielded the strongest correlation (r2: 0.18). Richness relationships based on pollen-202 
equivalents in the quadrats were significant at p < 0.05 (Fig. 3). Inclusion of plotless sampling data 203 
yielded weaker and non-significant relationships, except for pollen equivalents in the first metre and 204 
rarefied pollen equivalents in the first 20 metres of the central quadrat (Fig. 4). Rarefied pollen-205 
equivalents from the quadrat-only data also produced the strongest results in split-sampling 206 
experiments (Supplementary Material S4). Neither site elevation nor site location 207 
(latitude/longitude) were significant predictors or co-predictors of pollen richness estimates (r2: 0.01 208 
and 0.00 respectively).  209 
 210 
Fig. 5 shows how exclusion of structural groups affects pollen–plant relationships in the study area. 211 
Exclusion  was most effective when tree taxa were excluded (r2: 0.49), followed by exclusion of herbs 212 
(r2: 0.46), shrubs (r2: 0.38), and least effective for exclusion of trees and shrubs (r2: 0.35; Fig. 5).  213 
 214 
Pollen and plant turnover relationships were statistically significant for all three dissimilarity 215 
measures considering turnover in shrub and herb communities (Table 1).. Partial Mantel tests, 216 
controlling for site coordinates and elevation, yielded weaker significant relationships and, for some 217 
DCA combinations, non-significant relationships (Table 1).  Beta diversity decomposition is compared 218 
to the three dissimilarity measures in Table 2. Total beta diversity was most strongly reflected in 219 
these measures. Plant replacement was also reflected, but richness differences were not (Table 2).  220 
Pollen turnover between samples with ‘similar’ vegetation was lower than between ‘dissimilar’ 221 
vegetation (Fig. 6; see Supplementary Material S1-3 for cluster dendrograms, further explanation of 222 
the grouping method and results based on a fewer similar samples).  Sites with ‘similar’ vegetation 223 
also tended to be closer to each other in terms of elevation and geographic distance (Fig. 6). Mantel 224 
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correlograms exhibit significant positive autocorrelation to a distance of approx. 4 km in the 225 
vegetation data and 7 km in the pollen data (Supplementary Material S5). Significant autocorrelation 226 
was evident for elevation differences up to 300 m for Hellinger-Euclidean and SCD metrics, and 450 227 
m for DCA. Autocorrelation was greater for DCA than the other metrics (Supplementary Material S5).  228 
 229 
The Charco da Candieira richness trend for shrub and herb communities is presented in Fig. 7.  The 230 
results indicate a steep rise in shrub and herb richness at the terminal Pleistocene, followed by an 231 
Early Holocene decline. Richness estimates peaked in the mid-Holocene, followed by low richness 232 
during the last 3000 years, particularly in the last millennium.  Pollen turnover trends for Charco da 233 
Candieira are shown in Fig. 8a in relation to the pollen boxplots from Fig. 6.  The amount of 234 
compositional change and rate of change are dependent on the time steps between observations. 235 
The 100-year bins exhibit the highest turnover in the early-mid Holocene, whereas longer intervals 236 
place the highest turnover earlier, around the Pleistocene–Holocene transition (ca 11700 cal. yr BP; 237 
Fig. 8). DCA produced different trends to the other metrics, exhibiting a stronger late-Holocene 238 
increase. Beta diversity decomposition shows Hellinger-Euclidean and SCD turnover to be similar to 239 
replacement, whereas the DCA trend mimics richness difference (Fig. 9). 240 
 241 
 242 
Discussion  243 
 244 
Richness relationships 245 
Pollen and plant richness in the study area are positively related. The strength of this relationship 246 
depends greatly on the metrics used to quantify richness in the vegetation.  Only those metrics that 247 
compared pollen richness to pollen-equivalent plant richness in the quadrats allowed us to reject the 248 
null hypothesis in relation to richness. In other words, significant relationships were found between 249 
pollen and pollen-equivalent plant richness, but not between pollen and plant taxa richness.  There 250 
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are at least two key biases that distort the pollen–plant relationship presented here: pollen 251 
representation and sampling bias, which we discuss below (see Giesecke et al. 2014 for synthesis).  252 
 253 
The most palynologically diverse assemblages in Europe are found in open vegetation dominated by 254 
herbaceous plants (Meltsov et al. 2013; Matthias et al. 2015; Giesecke et al. 2019). In our data, 255 
shrubs and herbaceous plants in the direct surroundings of the moss sample control palynological 256 
richness to a great degree, indicated by exclusion experiments (Fig. 4). Many of these plants are 257 
insect-pollinated and have poorly dispersed pollen. In contrast, tree species in this region are often 258 
wind-pollinating and have good pollen dispersal (e.g. Pinus, Quercus).  This means that many trees 259 
contribute to every pollen sample’s richness, regardless of whether they are present in the 260 
surrounding vegetation. Pollen–plant relationships improved substantially with the exclusion of 261 
trees (Fig. 4) because they constitute a source of palynological noise while being virtually absent 262 
from the vegetation data. In northern Europe, correction for differential pollen productivity has 263 
improved pollen–plant richness correlations (Felde et al. 2016; Reitalu et al. 2019; Blaus et al. 2020).  264 
As yet, the Mediterranean region lacks taxon-specific corrections such as Andersen’s (1970) 265 
correction factors or pollen productivity estimates (PPEs; e.g. Broström et al. 2008).  266 
 267 
Our data show that pollen–plant richness relationships can be teased out by addressing vegetation 268 
sampling biases that have not been considered in previous studies (e.g. Felde et al. 2016; Gosling et 269 
al. 2018, and articles cited therein).  The strongest pollen–plant relationships were produced when 270 
rarefied pollen was compared to rarefied vegetation data converted to pollen-equivalents (Fig. 3).   271 
Rarefaction standardises vegetation data for sampling effort and is therefore recommended for 272 
meaningful richness comparisons (Gotelli and Colwell 2001). In our case, rarefaction makes sense 273 
because the sampling effort at sites dominated by bare rock is very different to sites with multi-274 
layered vegetation (i.e. a herb layer growing beneath a shrub layer).  While it is possible to remove 275 
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sites with sparse vegetation from analysis (e.g. Felde et al. 2016), we suggest that there are good 276 
theoretical and practical reasons for favouring rarefaction.  It must be noted, however, that not all 277 
vegetation data will be amenable to rarefaction, particularly presence/absence and semi-278 
quantitative abundance data typically collected for pollen–plant richness comparisons.  279 
 280 
An unexpected result was the poor pollen–plant richness relationships that emerged from combined 281 
vegetation data (plotless and quadrat samples) compared to the quadrat data alone (Fig. 3).  One 282 
might imagine that a greater sampling radius would improve richness relationships, at least until the 283 
relevant source-area of pollen was reached. However, this source area for richness appears to be 284 
quite small, as indicated by recent studies that likewise found pollen–plant richness relationships 285 
became weaker with increasing vegetation survey distance (Blaus et al. 2020; Abraham et al. 2020). 286 
In species-rich grasslands, this distance can be as low as 1.5 m and tends increase in forested 287 
landscapes (Abraham et al. 2020). Plotless sampling also increases the risk of overlooking rare taxa. 288 
A key limitation of the richness index is that it considers the number of species irrespective of their 289 
spatial location in relation to the pollen sampling point. The index does not recognise that plants 290 
situated further away from the pollen sampling point are less likely to contribute to the pollen 291 
sample’s richness. Just as pollen abundance decreases with distance from the source plant 292 
(Theuerkauf et al. 2012), the likelihood of encountering a pollen taxon decreases with distance from 293 
the source plant. This effect is slight for wind-pollinating plants such as Rumex and Plantago spp., 294 
but insect-pollinated species with poor pollen dispersal are likely to go unrecorded unless found in 295 
close proximity to the pollen sampling location (Shaw and Whyte 2020). As far as pollen 296 
representation is concerned, there is little equivalence between a plant growing next to the pollen 297 
sampling point and a plant growing 200 m away, yet for richness metrics the two plants are treated 298 




Sampling design therefore becomes critical for detecting richness differences.  Had we extended our 301 
vegetation survey to the surrounding 50 km of each pollen sampling point, plant species richness 302 
would be the same for all samples, while the pollen richness would still differ.  We suspect that 303 
these problems of scale may explain some of the variation in pollen–plant relationships reported in 304 
the literature. For instance, in Norway, richness relationships between pollen assemblages from 305 
medium-sized lakes (median 28 ha) and plants in the surrounding 500m were not significant unless 306 
samples from sparse vegetation were excluded or taxon-specific corrections applied (Felde et al. 307 
2016). In the tropics, comparisons of pollen trap assemblages with the surrounding hectare of 308 
vegetation found no relationship (Gosling et al. 2018). Strong relationships emerged in a comparison 309 
of pollen from lakes in northern Europe (median area 7 ha) and plant richness in the surrounding 310 
7500 km2 (Reitalu et al. 2019). In this case the richness gradient extended over a latitudinal range of 311 
30° and a longitudinal range of 60° and hence factors apart from plant richness, such as climate and 312 
elevation, were co-predictors of pollen richness (Reitalu et al. 2019). 313 
Measured geographic factors had negligible influence on richness estimates in our dataset, but we 314 
were unable to test the full range of climatic and landscape factors that influence pollen and plant 315 
richness (Birks et al. 2016; Reitalu et al. 2019) due to a lack of suitably spatially-resolved data 316 
relevant to the time of sampling. Even so, the results here show that plant richness relationships are 317 
reflected in pollen assemblages, paving the way for pollen-based reconstructions (with appropriate 318 
caveats). Further improvements to pollen–plant calibration could be achieved through spatially-319 
explicit indices of association (Shaw and Whyte 2020). These taxon-specific indices could be 320 
employed to overcome the significant shortcomings of comparing pollen assemblages to vegetation 321 






Turnover relationships  326 
Community-level turnover in pollen assemblages is strongly related to turnover in pollen-equivalent 327 
plants and plant species in the study area (Table 1). These relationships allow us to reject the null 328 
hypothesis of no relationship between plant community turnover and pollen turnover in the study 329 
area. That said, spatial autocorrelation appears to be a significant factor in the turnover results, 330 
given that both site coordinates and elevation also correlate with pollen turnover metrics.  Partial 331 
Mantel tests were performed to gauge how much variance in pollen turnover is explained by 332 
vegetation turnover versus geographic factors (Table 1). The Hellinger-Euclidean and SCD results 333 
were similar, given similarities in these metrics when applied to proportional data (Legendre and 334 
Gallagher 2001). These results indicate that the null hypothesis (i.e. of no relationship between plant 335 
community turnover and pollen turnover in the study area) can still be confidently rejected. The 336 
relationship between DCA-derived turnover in pollen and vegetation data was insignificant once 337 
elevation was taken into account. Hellinger-Euclidean distance consistently produced stronger 338 
relationships than the other two metrics when assessed using Mantel tests (Table 1). However, some 339 
authors suggest that Mantel tests are less than optimal for dealing with spatial data and have 340 
proposed alternative analyses that could prove more powerful and appropriate (Legendre et al. 341 
2015). 342 
 343 
Pollen turnover metrics are capable of differentiating similar from dissimilar vegetation groups (Fig. 344 
6), in agreement with previous studies (e.g. Overpeck et al. 1985; Nieto-Lugilde et al. 2015; Abraham 345 
et al. 2020). In geographic terms, pollen turnover between dissimilar samples is equivalent to 346 
moving 250–1000 m in elevation or 5–15 km in distance, regardless of metric (Fig. 6). Pollen 347 
turnover values < 0.6 Hellinger-Euclidean distance, < 30 square-chord distance and < 0.3 DCA 348 
distance could be expected within a single vegetation type. Greater values indicate turnover from 349 
one vegetation type to another (Fig. 6).   350 
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Differentiations such as these have been used to define ‘critical values’, i.e. thresholds for when 351 
pollen turnover represents vegetation change (Overpeck et al. 1985; Seddon et al. 2015; Connor et 352 
al. 2019). Hellinger-Euclidean distances in our dataset are relatively low compared to a previous 353 
study where much greater distances and a larger range of vegetation types were involved (Plumpton 354 
et al. 2019). Square-chord distances for ‘similar’ vegetation around SCD 30 (Fig. 6) are slightly higher 355 
than previously adopted thresholds (e.g. SCD 15, Overpeck et al. 1985), perhaps due to the inclusion 356 
of all pollen types in the turnover metric and the higher diversity of Mediterranean pollen 357 
assemblages compared to temperate forests.  Our thresholds are derived from the most similar 50% 358 
of the samples in the dataset and from different branches of the cluster dendrogram. Selecting only 359 
the most similar 25% did not change the thresholds appreciably (Supplementary Material S3). 360 
Various numerical techniques exist for determining dissimilarity thresholds for data with a priori 361 
groupings (Simpson 2012), which is not the case for our data. 362 
 363 
Despite the attractiveness of thresholds, their application is complicated by the substantial 364 
differences in pollen source-areas of moss samples and lake sediments. Lake basins gather pollen 365 
from many kilometres around the site, while moss samples tend to gather pollen from a much 366 
smaller area (Sugita 1994).  In patchy vegetation, turnover between small pollen-collecting basins is 367 
therefore expected to be much higher than between larger basins (see Fig. 5 in Sugita 1994). 368 
 369 
The precise limits of pollen source areas are difficult to define, as factors like taxon-specific pollen 370 
productivity, atmospheric conditions and basin characteristics play a role (Jacobson & Bradshaw 371 
1981; Theuerkauf et al. 2013; Shaw and Whyte 2020). Mechanistic models such as REVEALS (Sugita 372 
2007), combined with detailed information on the spatial distribution of plant species (Shaw and 373 
Whyte 2020), could be used to develop spatially-explicit corrections for pollen representation 374 
differences between moss samples and lake basins of different sizes. Applied to turnover 375 
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reconstructions, such corrections could help identify sites where recent turnover has exceeded past 376 
limits, signalling ecosystems perhaps at risk of critical transitions. 377 
 378 
 379 
Interpreting diversity trends 380 
 381 
Strong linear relationships between pollen and pollen-equivalent plant richness in the Serra da 382 
Estrela’s shrub and herb communities (Fig. 4) offer the possibility of assessing long-term richness 383 
dynamics in these communities via fossil pollen records. The Charco da Candieira palynological 384 
richness trend (Fig. 7)  clearly reflects the vegetation history at Charco da Candieira. Landscapes 385 
dominated by pines and grasses 14,000 years ago gave way to richer vegetation as habitats 386 
diversified at the Pleistocene–Holocene transition. Oak forest expansion led to slight 387 
impoverishment during the Early Holocene, but mid-Holocene heathland expansion equated to 388 
increasing richness. Proliferation of fires, ericaceous shrubs and grasses through the last 3000 years 389 
led to richness decline (van der Knaap and van Leeuwen 1995, 1997; Connor et al. 2019). A 390 
contemporaneous richness decline is observed at many sites across the Mediterranean region 391 
(Giesecke et al. 2019).  392 
The strength of richness relationships in this work and other recent papers (e.g. Felde et al. 2016, 393 
Reitalu et al. 2019, Blaus et al. 2020) suggests that quantitative reconstruction of past richness 394 
should be achievable with appropriate modelling of pollen source-area. Summed pollen samples and 395 
vegetation data could be used to produce taxa accumulation curves (Giesecke et al. 2014), which 396 
could form the basis of modelling that seeks to extend richness relationships from the sample scale 397 




Turnover cannot easily be translated from change through space to change through time. Apart from 400 
geographic distance, competition, environmental dissimilarity and other factors influence turnover 401 
through space (Qian and Ricklefs 2012). These factors also come into play in temporal turnover, but 402 
usually cannot be directly measured, only inferred from proxy data. Spatial and temporal 403 
autocorrelation are also inherent properties of our pollen and vegetation datasets (see 404 
Supplementary Material S5). Pollen-based turnover rates through time are influenced by pollen 405 
source-area issues and the choice of time bins, as is apparent in Fig. 8.   406 
Turnover metrics also exhibit different properties that may make them more or less appropriate for 407 
palaeoecological data (Overpeck et al. 1985).  DCA was the least effective metric for spatial turnover 408 
in the study area. This is shown by weak relationships between pollen and plants/equivalents once 409 
the influence of elevation was removed (Table 1).  The DCA trends in Fig. 8 are probably less reliably 410 
indicative of turnover than those produced using Hellinger-Euclidean and SCD metrics. This may 411 
relate to the dominance of replacement (average 0.80 BD) over richness difference (average 0.46 412 
BD) in contributing to the total beta diversity of our vegetation data, which DCA was less successful 413 
in capturing (Table 2). This does not indicate any deficiency in DCA as a turnover metric.  414 
Over millennial timescales, the reorganisation of ecosystems at the Pleistocene–Holocene transition 415 
is clearly evident at Charco da Candieira (Fig. 8). Compositional change was high enough during this 416 
period to represent a shift from one type of vegetation to another (Fig. 8a), consistent with the 417 
pollen-inferred transition from glacial-era steppic vegetation to early-Holocene woodland vegetation 418 
(van der Knaap and van Leeuwen 1995, 1997). Subsequent vegetation change was less dramatic, 419 
attaining greater stability through the mid-late Holocene and increasing again over the last 3000 420 
years.   421 
A different pattern is seen at the centennial-scale, with turnover peaking through the early-mid 422 
Holocene as replacement came to dominate (Fig. 9). This was followed by a period of stability as 423 
heathland-forest mosaics established themselves through the mid-late Holocene (van der Knaap and 424 
18 
 
van Leeuwen 1995). Stability was punctuated by phases of higher turnover, often lasting centuries to 425 
millennia.  Differences in turnover patterns on millennial and centennial timescales could affect 426 
other measures of vegetation change through time, such as the emergence of novelty (Finsinger et 427 
al. 2017). 428 
 429 
The Late Holocene brought a decline in species richness (Fig. 7) that is also reflected in increasing 430 
compositional change, mostly from richness differences (Figs 8, 9). Fire has always been a key 431 
disturbance in the Serra da Estrela, but in the last 3500 years the amount of burning has increased 432 
(Connor et al. 2012). The last century appears to have been a time of particularly rapid turnover 433 
compared to the Holocene as a whole, attaining centennial rates-of-change that have only been 434 
exceeded twice in the last 7000 years (Fig. 8, left and middle panels).  These trends are unexpected 435 
in nutrient-poor landscapes, in which relative stability in richness and turnover is the norm (Birks et 436 
al. 2016b). Impoverishment and instability in the Serra da Estrela are almost certainly linked to over-437 
exploitation, burning and climate change in recent centuries (Jansen et al. 1997; Connor et al. 2012). 438 
Whether these recent biodiversity trends can be reversed is a major question for management of 439 





Based on coupled modern pollen-vegetation analyses in the western Mediterreanean, this work 445 
shows that a significant correlations exist between plant richness (pollen-equivalents) and pollen 446 
richness, and between plant turnover and pollen turnover.  These relationships between pollen and 447 
plant diversity metrics indicate that pollen is capable of reconstructing long-term biodiversity 448 
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changes, but further research is needed to better control for spatio-temporal autocorrelation in 449 
calibration and reconstruction datasets.  Improved knowledge of biodiversity change in the past is 450 
essential for contextualising and responding to current threats to biodiversity in floristically rich 451 




Abraham V, Roleček J, Vild O, Jamrichová E, Plesková Z et al. (2020) Spatial scaling of pollen-based 456 
alpha and beta diversity within forest and open landscapes of Central Europe. 457 
https://doi.org/10.1101/2020.08.18.255737 458 
Andersen ST (1970) The relative pollen productivity and pollen representation of north European 459 
trees, and correction factors for tree pollen spectra. Danmarks Geologiske Undersoegelse, Raekke 460 
2(96):1-99. 461 
Birks HJB (2012) Analysis of stratigraphical data. In: Birks HJB, Lotter AF, Juggins S et al. (eds) 462 
Tracking Environmental Change Using Lake Sediments: Data Handling and Numerical Techniques. 463 
Dordrecht, Springer, pp. 355–378. 464 
Birks HJB, Line JM (1992) The use of rarefaction analysis for estimating palynological richness from 465 
Quaternary pollen-analytical data. The Holocene 2:1-10. 466 
https://doi.org/10.1177/095968369200200101 467 
Birks HJB, Heiri O, Seppä H, Bjune AE (2010) Strengths and Weaknesses of Quantitative Climate 468 
Reconstructions Based on Late-Quaternary Biological Proxies. The Open Ecology Journal 3:68-110. 469 
https://doi.org/10.2174/1874213001003020068 470 
Birks HJB, Felde VA, Bjune AE, Grytnes JA, Seppä H, Giesecke T (2016a) Does pollen-assemblage 471 
richness reflect floristic richness? A review of recent developments and future challenges. Review of 472 
Palaeobotany and Palynology 228:1-25. https://doi.org/10.1016/j.revpalbo.2015.12.011  473 
Birks HJB, Felde VA, Seddon AWR (2016b) Biodiversity trends within the Holocene. The Holocene 474 
26:994-1001. https://doi.org/10.1177/0959683615622568 475 
Blaus A, Reitalu T, Gerhold P, Hiiesalu I, Massante JC, Veski S (2020) Modern pollen-plant diversity 476 
relationships inform palaeoecological reconstructions of functional and phylogenetic diversity in 477 
calcareous fens. Frontiers in Ecology and Evolution 8:207. https://doi.org/10.3389/fevo.2020.00207 478 
Broström A, Nielsen AB, Gaillard MJ, Hjelle K, Mazier F et al. (2008) Pollen productivity estimates of 479 
key European plant taxa for quantitative reconstruction of past vegetation: a review. Vegetation 480 
History and Archaeobotany 17:461-478. https://doi.org/10.1007/s00334-008-0148-8 481 
Bryant DM, Ducey MJ, Innes JC, Lee TD, Eckert RT, Zarin DJ (2005) Forest community analysis and the 482 




Cardinale BJ, Duffy JE, Gonzalez A, Hooper DU, Perring C et al. (2012) Biodiversity loss and its impact 485 
on humanity. Nature 486:59-67. https://doi.org/10.1038/nature11148 486 
Colombaroli D, Tinner W (2013) Determining the long-term changes in biodiversity and provisioning 487 
services along a transect from Central Europe to the Mediterranean. The Holocene 23:1625-1634. 488 
https://doi.org/10.1177/0959683613496290 489 
Connor SE, Araújo J, van der Knaap WO, van Leeuwen JFN (2012) A long-term perspective on 490 
biomass burning in the Serra da Estrela, Portugal. Quaternary Science Reviews 55:114-124. 491 
https://doi.org/10.1016/j.quascirev.2012.08.007 492 
Connor SE, Vannière B, Colombaroli D, Anderson RS, Carrión JS et al. (2019) Humans take control of 493 
fire-driven diversity changes in Mediterranean Iberia’s vegetation during the mid-late Holocene. The 494 
Holocene 29:885-901 https://doi.org/10.1177/0959683619826652 495 
Cottam G, Curtis JT (1956) The use of distance measures in phytosociological sampling. Ecology 496 
37:451-460. 497 
Davies CP, Fall PL (2001) Modern pollen precipitation from an elevational transect in central Jordan 498 
and its relationship to vegetation. Journal of Biogeography 28:1-16. 499 
Davis BAS, Zanon M, Collins P, Mauri A, Bakker J et al. (2013) The European Modern Pollen Database 500 
(EMPD) project. Vegetation History and Archaeobotany 22:521-630. 501 
http://dx.doi.org/10.1007/s00334-012-0388-5 502 
Di Marco M, Harwood TD, Hoskins AJ, Ware C, Hill SLL, Ferrier S (2019) Projecting impacts of global 503 
climate and land-use scenarios on plant biodiversity using compositional-turnover modelling. Global 504 
Change Biology 25:2763-2778. https://doi.org/10.1111/gcb.14663 505 
Dray S, Bauman D, Blanchet G, Borcard D, Clappe S et al. (2020).  adespatial: Multivariate Multiscale 506 
Spatial Analysis. R package version 0.3-8. https://CRAN.R-project.org/package=adespatial 507 
Ejarque A, Miras Y, Riera S (2011) Pollen and non pollen palynomorph indicators of vegetation and 508 
highland grazing activities obtained from modern surface and dung datasets in the Eastern Pyrenees. 509 
Review of Palaeobotany and  Palynology 167:123-139. 510 
https://doi.org/10.1016/j.revpalbo.2011.08.001 511 
Ellis EC, Antill EC, Kreft H (2012) All is not loss: plant biodiversity in the Anthropocene. PLoS ONE 7: 512 
e30535. https://doi.org/10.1371/journal.pone.0030535 513 
Faegri K, Kaland PE, Krzywinski K (1989) Textbook of Pollen Analysis. John Wiley & Sons, Chichester. 514 
Felde VA, Peglar SM, Bjune AE, Grytnes JA, Birks HJB (2016) Modern pollen–plant richness and 515 
diversity relationships exist along a vegetational gradient in southern Norway. The Holocene 26:163-516 
175. https://doi.org/10.1177/0959683615596843 517 
Finsinger W, Giesecke T, Brewer S, Leydet M (2017) Emergence patterns of novelty in European 518 
vegetation assemblages over the past 15 000 years. Ecology Letters 20:336-346. 519 
https://doi.org/10.1111/ele.12731 520 
Flenley JR (2005) Palynological richness and the tropical rain forest. In: Bermingham E, Dick C, Moritz 521 
C (eds) Tropical rainforests: past, present, and future. Chicago University Press, Chicago, pp. 73-77. 522 
Franco JA (1971) Nova Flora de Portugal (continente e Azores) vol. I. Escolar Editora, Lisboa. 523 
21 
 
Franco JA (1984) Nova Flora de Portugal (continente e Azores) vol. II. Escolar Editora, Lisboa. 524 
Giesecke T, Ammann B, Brande A (2014) Palynological richness and evenness: insights from the taxa 525 
accumulation curve. Vegetation History and Archaeobotany 23:217-228. 526 
https://doi.org/10.1007/s00334-014-0435-5 527 
Giesecke T, Wolters S, van Leeuwen JFN, van der Knaap PWO, Leydet M, Brewer S (2019) Postglacial 528 
change of the floristic diversity gradient in Europe. Nature Communications 10:5422. 529 
https://doi.org/10.1038/s41467-019-13233-y 530 
Gosling WD, Julier ACM, Adu-Bredu S, Djagbletey GD, Fraser WT et al. (2018) Pollen-vegetation 531 
richness and diversity relationships in the tropics. Vegetation History and Archaeobotany 27:411-532 
418. https://doi.org/10.1007/s00334-017-0642-y 533 
Gotelli NJ, Colwell RK (2001) Quantifying biodiversity: procedures and pitfalls in the measurement 534 
and comparison of species richness. Ecology Letters 4:379-391. https://doi.org/10.1046/j.1461-535 
0248.2001.00230.x 536 
Grace JB, Anderson MT, Seabloom EW, Borer ET, Adler PB (2016) Integrative modelling reveals 537 
mechanisms linking productivity and plant species richness. Nature 529:390-393. 538 
https:/doi.org/10.1038/nature16524 539 
Grimm EC, Jacobson GL (1992) Fossil-pollen evidence for abrupt climate changes during the past 18 540 
000 years in eastern North America. Climate Dynamics 6:179-184. 541 
https://doi.org/10.1007/BF00193530 542 
Jacobson GL, Bradshaw RHW (1981) The selection of sites for palaeovegetational studies. 543 
Quaternary Research 16:80-96. 544 
Jacobson GL, Grimm EC (1986) A numerical analysis of Holocene forest and prairie vegetation in 545 
central Minnesota. Ecology 67:958-966. 546 
Jansen J (2011) Managing Natura 2000 in a changing world: The case of the Serra da Estrela  547 
(Portugal). PhD thesis, Radboud University. http://hdl.handle.net/2066/90921 548 
Jansen J, Rego F, Gonçalves P, Silveira S (1997) Fire, a landscape-shaping element in the Serra da 549 
Estrela, Portugal. NNA-Berichte 10, 5:150-162. 550 
Jenkins CN, Pimm SL, Joppa LN (2013) Global patterns of terrestrial vertebrate diversity and 551 
conservation. PNAS 110:E2602-E2610. https://doi.org/10.1073/pnas.1302251110 552 
Kraft NJB, Comita LS, Chase JM, Sanders NJ, Swenson NG et al. (2011) Disentangling the drivers of β 553 
diversity along latitudinal and elevational gradients. Science 333:1755-1758. 554 
https:/doi.org/10.1126/science.1208584 555 
Kreft H, Jetz W (2007) Global patterns and determinants of vascular plant diversity. PNAS 104:5925-556 
5930. https:/doi.org/10.1073/pnas.0608361104 557 
Legendre P (2014) Interpreting the replacement and richness difference components of beta 558 
diversity. Global Ecology and Biogeography 23:1324-1334. 559 
Legendre P, Fortin M-J, Borcard D (2015) Should the Mantel test be used in spatial analysis? 560 
Methods in Ecology and Evolution 6:1239-1247. https://doi.org/10.1111/2041-210X.12425 561 
22 
 
Legendre P, Gallagher ED (2001) Ecologically meaningful transformations for ordination of species 562 
data. Oecologia 129:271-280. https://doi.org/10.1007/s004420100716 563 
Lestienne M, Jouffroy-Bapicot I, Leyssenne D, Sabatier P, Debret M et al. (2020) Fires and human 564 
activities as key factors in the high diversity of Corsican vegetation. The Holocene 30:244-257. 565 
https://doi.org/10.1177/0959683619883025 566 
Matthias I, Semmler MSS, Giesecke T (2015) Pollen diversity captures landscape structure and 567 
diversity. Journal of Ecology 103:880-890. https://doi.org/10.1111/1365-2745.12404 568 
Meltsov V, Poska A, Reitalu T, Sammul M, Kull T (2013) The role of landscape structure in 569 
determining palynological and floristic richness. Vegetation History and Archaeobotany 22:39-49. 570 
https://doi.org/10.1007/s00334-012-0358-y 571 
Meyer C, Weigelt P, Kreft H (2016) Multidimensional biases, gaps and uncertainties in global plant 572 
occurrence information. Ecology Letters 19:992-1006. https://doi.org/10.1111/ele.12624 573 
Mittelbach GG, Schemske DW, Cornell HV, Allen AP, Brown JM et al. (2007) Evolution and the 574 
latitudinal diversity gradient: speciation, extinction and biogeography. Ecology Letters 10: 315-331. 575 
https://doi.org/10.1111/j.1461-0248.2007.01020.x 576 
Nieto-Lugilde D, Maguire KC, Blois JL, Williams JW, Fitzpatrick MC (2015) Close agreement between 577 
pollen-based and forest inventory-based models of vegetation turnover. Global Ecology and 578 
Biogeography 24:905-916. https://doi.org/10.1111/geb.12300 579 
Odgaard BV (1999) Fossil pollen as a record of past biodiversity. Journal of Biogeography 26:7-17. 580 
https://doi.org/10.1046/j.1365-2699.1999.00280.x 581 
Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P et al. (2019) vegan: Community Ecology 582 
Package. R package version 2.5-6. https://CRAN.R-project.org/package=vegan 583 
Overpeck JT, Webb T, Prentice IC (1985) Quantitative interpretation of fossil pollen spectra: 584 
Dissimilarity coefficients and the method of modern analogs. Quaternary Research 23:87-108. 585 
Parmesan C, Yohe G (2003) A globally coherent fingerprint of climate change impacts across natural 586 
systems. Nature 421:37-42. https://doi.org/10.1038/nature01286 587 
Pardoe HS, Giesecke T, van der Knaap WO, Svitavská-Svobodová H, Kvavadze EV, Panajiotidis S, 588 
Gerasimidis A, Pidek IA, Zimny M, Śvięta-Musznicka J, Latałowa M, Noryśkiewicz AM, Bozilova E, 589 
Tonkov S, Filipova-Marinova MV, van Leeuwen JFN, Kalniŋa L (2010) Comparing pollen spectra from 590 
modified Tauber traps and moss samples: examples from a selection of woodlands across Europe. 591 
Vegetation History and Archaeobotany 19:271-283. https://doi.org/10.1007/s00334-010-0258-592 
yPlumpton H, Whitney B, Mayle F (2019) Ecosystem turnover in palaeoecological records: the 593 
sensitivity of pollen and phytolith proxies to detecting vegetation change in southwestern Amazonia. 594 
The Holocene 29:1720-1730. https://doi.org/10.1177/0959683619862021 595 
Qian H, Ricklefs RE (2012) A latitudinal gradient in large-scale beta diversity for vascular plants in 596 
North America. Ecology Letters 10:737-744. https://doi.org/10.1111/j.1461-0248.2007.01066.x 597 
R Core Team (2020) R: a language and environment for statistical computing. R Foundation for 598 
Statistical Computing, Vienna. https://www.R-project.org/ 599 
Rabosky DL, Hurlbert AH (2015) Species richness at continental scales is dominated by ecological 600 
limits. American Naturalist 185:572-583. https://doi.org/10.1086/680850 601 
23 
 
Reitalu T, Bjune AE, Blaus A, Giesecke T, Helm A et al. (2019) Patterns of modern pollen and plant 602 
richness across northern Europe. Journal of Ecology 107:1662-1677. https://doi.org/10.1111/1365-603 
2745.13134 604 
Seddon AWR, Macias-Fauria M, Willis KJ (2015) Climate and abrupt vegetation change in Northern 605 
Europe since the last deglaciation. The Holocene 25:25-36. 606 
https://doi.org/10.1177/0959683614556383 607 
Shaw H, Whyte I (2020) Interpretation of the herbaceous pollen spectra in paleoecological 608 
reconstructions: A spatial extension of Indices of Association and determination of individual pollen 609 
source areas from binary data. Review of Palaeobotany and Palynology 279:104238. 610 
https://doi.org/10.1016/j.revpalbo.2020.104238 611 
Silva ARP, Teles AN (1999) A flora e a vegetação da Serra da Estrela. Parque Natural da Serra da 612 
Estrela, Manteigas. 613 
Simpson GL (2012) Analogue methods in palaeolimnology. In: Birks HJB, Lotter AF, Juggins S et al. 614 
(eds) Tracking Environmental Change Using Lake Sediments: Data Handling and Numerical 615 
Techniques. Dordrecht, Springer, pp. 495-522. 616 
Simpson GL, Oksanen J (2020) analogue: Analogue matching and Modern Analogue Technique 617 
transfer function models. R package version 0.17-4.https://cran.r-project.org/package=analogue 618 
Sugita S (1994) Pollen representation of vegetation in quaternary sediments: theory and method in 619 
patchy vegetation. Journal of Ecology 82:881-897. https://doi.org/ 10.2307/2261452  620 
Sugita S (2007) Theory of quantitative reconstruction of vegetation I: pollen from large sites REVEALS 621 
regional vegetation composition. The Holocene 17:229-241. 622 
https://doi.org/10.1177/0959683607075837 623 
Theuerkauf M, Kuparinen A, Joosten H (2013) Pollen productivity estimates strongly depend on 624 
assumed pollen dispersal. The Holocene 23:14-24. https://doi.org/10.1177/0959683612450194 625 
Tutin TG, Heywood VH, Burges NA, Moore DM, Valentine DH, Waiters SM, Webb DA, Ball PW (1964 626 
ff.) Flora Europaea vol. 1 ff. Cambridge University Press, Cambridge. 627 
van der Knaap WO, van Leeuwen JFN (1995) Holocene vegetation succession and degradation as 628 
responses to climatic change and human activity in the Serra da Estrela, Portugal. Review of 629 
Palaeobotany and Palynology 89:153-211. https://doi.org/10.1016/0034-6667(95)00048-0 630 
van der Knaap WO, van Leeuwen JFN (1997) Late Glacial and early Holocene vegetation succession, 631 
altitudinal vegetation zonation, and climatic change in the Serra da Estrela, Portugal. Review of 632 
Palaeobotany and Palynology 97:239-285. https://doi.org/10.1016/S0034-6667(97)00008-0 633 
Willis KJ, Bailey RM, Bhagwat SA, Birks HJB (2010) Biodiversity baselines, thresholds and resilience: 634 
testing predictions and assumptions using palaeoecological data. Trends in Ecology and Evolution 25: 635 
583-591. https://doi.org/10.1016/j.tree.2010.07.006 636 
 637 
 638 




Fig. 1 Map of Portugal (left) with the location of the Serra da Estrela. Detailed map (right) of the 641 
study area showing the sampling locations along the 31-km transect. Bioclimatic zones are shaded: 642 
from meso-Mediterranean (lightest shade) through supra-Mediterranean to oro-Mediterranean 643 
(darkest shade). The palaeoecological site of Charco da Candieira is found at location 20. 644 
 645 
Fig. 2 Composition of a) pollen samples and b) vegetation quadrat surveys at 42 locations in the 646 
Serra da Estrela, Portugal, expressed as percentages of major functional groups. Pinus pinaster (in 647 
black) is present only in the pollen samples. Complete pollen and plant datasets are available from 648 
Neotoma (www.neotomadb.org). 649 
 650 
Fig. 3 Pollen–plant richness relationships in the Serra da Estrela. Left panels show relationships 651 
between plant species richness and rarefied pollen richness. Right panels show relationships 652 
between pollen-equivalent richness and rarefied pollen richness. The right-hand panel in each pair 653 
(green) shows rarefied plant and pollen-equivalent data to the minimum area (0.03 m2). Minimum 654 
pollen sum for rarefaction is 608. Each panel compares richness estimates for quadrat-only data, 655 
along with r-squared values for each of the least-squares regressions (* p < 0.05, ** p < 0.01, *** p < 656 
0.001). 657 
 658 
Fig. 4 a) Effect of including plotless sampling results from increasing distances on the strength of 659 
pollen–plant richness relationships (r2). Black dots are significant at p < 0.05. b) An example of 660 
‘nearest individual’ plotless sampling. Plant A is 200 m from the quadrat and Plant B is 100 m away. 661 
Relative to the 1 m2 quadrat, the area of Plant A is 0.0006 and Plant B is 0.003 m2. 662 
 663 
 664 
Fig. 5 The effect of excluding structural groups on richness relationships between pollen and pollen-665 
equivalent plant taxa (* p < 0.05, ** p < 0.01, *** p < 0.001). 666 
 667 
Fig. 6 Pollen turnover as a reflection of vegetation similarity in the Serra da Estrela.  The ‘similar’ 668 
group in each boxplot is a comparison between the half of the sites with the most similar vegetation; 669 
the ‘dissimilar’ group is the rest. The lower boxplots show how the ‘similar/dissimilar’ vegetation 670 
groups correspond in terms of Cartesian distance and elevation above sea level. 671 
 672 
Fig. 7 a) Palynological richness  through time at a site in the Serra da Estrela (Charco da Candieira 673 
record) compared to the pollen record (trees excluded). Dots are sample-based rarefied richness. 674 
The line is a lowess smoother (span 0.25) with standard errors shaded.  675 
 676 
 677 
Fig. 8 a) Pollen turnover trends through time at a site in the Serra da Estrela (Charco da Candieira 678 
pollen record), shown for different temporal binning intervals. Turnover represents change in shrub 679 
25 
 
and herb communities since tree taxa were excluded (see Supplementary Material S6 for trends with 680 
tree pollen included). Left panel: Hellinger-Euclidean distance.  Middle panel: square-chord distance. 681 
Right panel: Detrended Correspondence Analysis. The lines are lowess smoothers (span 1). Similar 682 
and dissimilar groups (Fig. 5) shown to the right of top panels for comparison. b) the same results 683 
presented as rates-of-change per century. N.B. DCA did not produce significant pollen–plant 684 
relationships with elevation partialled out (Table 1), so DCA trends must be interpreted with caution. 685 
Fig. 9 Beta diversity decomposition applied to the Charco da Candieira record, presented as rates-of-686 
change for comparison with Fig. 8b. Left panel: total beta diversity; middle: replacement diversity; 687 
right: richness difference.  688 
 689 
 690 
 691 
